Bovine respiratory syncytial virus (BRSV) is a major etiological agent of respiratory tract disease in calves and results in substantial economic loss (40, 45) . The immune response and pathology in calves mimic symptoms caused by human respiratory syncytial virus (HRSV), which remains the leading cause of serious bronchiolitis and pneumonia in infants and young children throughout the world (9). Molecular cloning has confirmed a very close relationship between BRSV and HRSV and has revealed substantial differences from other members of the Paramyxoviridae family, leading to the establishment of the Pneumovirus genus within the Paramyxoviridae family (36, 37).
Bovine respiratory syncytial virus (BRSV) is a major etiological agent of respiratory tract disease in calves and results in substantial economic loss (40, 45) . The immune response and pathology in calves mimic symptoms caused by human respiratory syncytial virus (HRSV), which remains the leading cause of serious bronchiolitis and pneumonia in infants and young children throughout the world (9) . Molecular cloning has confirmed a very close relationship between BRSV and HRSV and has revealed substantial differences from other members of the Paramyxoviridae family, leading to the establishment of the Pneumovirus genus within the Paramyxoviridae family (36, 37) .
As with all members of the order Mononegavirales, the 15-kb genomic RNA of RSV is contained in a ribonucleoprotein (RNP) complex which serves as a template for sequential transcription of genes (25, 49) . Eleven proteins are expressed from 10 transcription units, which are arranged in the order 3Ј-NS1-NS2-N-P-M-SH-G-F-M2-L-5Ј (5, 9, 30, 31) . The proteins encoded include five RNP-associated proteins, namely, the nucleoprotein N, the phosphoprotein P, the large catalytic subunit L of the RNA polymerase, and a transcription elongation factor (M2-1) encoded by the first of two overlapping open reading frames of the M2 gene (8, 17, 27, 38) . The second open reading frame of the M2 transcription unit (M2-2) was reported to encode a nonessential protein (1) which is probably involved in the regulation of RNA synthesis (4, 28) . Three viral proteins are associated with the viral envelope, namely, the fusion protein F, the putative attachment protein G, and a small hydrophobic protein SH.
The presence of two nonstructural protein genes, NS1 and NS2, at the 3Ј-terminal position of the genome distinguishes pneumoviruses from all other members of the Mononegavirales. Due to the 3Ј-proximal location, the NS genes are abundantly transcribed. The encoded proteins have been demonstrated in infected cells (10, 16) . The BRSV NS1 and NS2 genes encode polypeptides of 136 and 124 amino acids, respectively. Comparison with NS proteins of HRSV subgroup A and B proteins revealed amino acid identities of 69 and 68% for NS1 proteins and 84 and 83%, for NS2 proteins, respectively (5, 34) . The deduced sequences, however, did not provide obvious clues to the function of NS proteins in the virus life cycle. The HRSV NS1 protein was reported to be associated with the M protein, while the NS2 protein did not show any detectable association with RSV structural proteins, indicating distinct functions of NS1 and NS2 (16, 47 ). An inhibitory function of NS1 in virus RNA transcription and RNP replication was recently suggested by experiments in which artificial HRSV minigenomes were grown in the absence or presence of NS1. In the same study, an inhibitory but far less pronounced effect was also observed for NS2 (3) .
Recently established protocols for recovery of infectious minus-strand RNA viruses from cDNA (11) have allowed the generation of recombinant HRSV (8, 29) and BRSV (5) and allowed researchers to address individual protein functions in the virus context. The successful recovery of viable NS2 gene deletion mutants has confirmed that NS2 is not essential for virus replication in cell culture (5, 43) . However, the deletion mutants were attenuated, indicating that NS2 is an accessory factor able to substantially support virus growth, by a so far unknown mechanism.
To examine more closely the function of BRSV NS proteins, we generated additional BRSV deletion mutants lacking the NS1 gene or both NS1 and NS2 and analyzed their behavior in different cell lines. We have identified the BRSV NS proteins as potent antagonists of interferon (IFN)-mediated host cell responses. Most outstanding is the finding that the IFN antagonistic activity requires both NS1 and NS2 and that each protein alone does not show any activity. By using another minusstrand RNA virus, rabies virus (RV), as a vector for the expression of BRSV-derived NS genes, we could also show that the activity of the two NS proteins can enhance the IFN resistance of an unrelated virus.
MATERIALS AND METHODS

Cells and virus.
Recombinant BRSV (rBRSV) was derived from BRSV strain A51908 (American Type Culture Collection) (33) variant ATue51908 (GenBank accession no. AF092942) and grown in MDBK cells as described previously (5) . For preparation of virus stocks, 80% confluent MDBK or Vero cell monolayers were infected at a multiplicity of infection (MOI) of 0.1 in serum-free Dulbecco's minimal essential medium (DMEM). After 1 h of adsorption, the inoculum was removed and the cells were incubated at 37°C in DMEM supplemented with 2.5% fetal calf serum (FCS) in a 5% CO 2 atmosphere until an extensive cytopathic effect (CPE) was observed. Virus was released by freezing and thawing. Virus titers were determined on Vero cells by limiting dilution in microwell plates and counting of infected-cell foci after indirect staining with a fusion protein antibody (kindly provided by J. A. Melero, Madrid, Spain). Stocks of NS deletion mutants were prepared on Vero cell monolayers after infection at an MOI of 0.01. Bovine macrophages were isolated from the blood of a cow and a calf by Ficoll gradient centrifugation (Lymphoflot; Biotest, Dreieich, Germany) at 1,500 rpm in a Heraeus 8074 rotor and adsorption of the mononuclear cell fraction to the bottom of cell culture flasks. After overnight incubation, nonadherent cells were removed by washing three times with RPMI (Gibco) without FCS. The remaining adherent cells (90 to 95% positive for CD14) were incubated in RPMI with 10% FCS at 37°C and 5% CO 2 .
Construction of BRSV NS gene deletion mutants. Construction of an expression plasmid containing full-length BRSV cDNA (pBRSV) and an NS2 gene deletion mutant (pBRSV ⌬NS2) has been described previously (5) . The NS1 gene was deleted from pBRSV by cutting with NotI and AseI, subsequently filling in with Klenow polymerase, and religation, giving rise to pBRSV ⌬NS1. For generation of the double-deletion mutant pBRSV ⌬NS1/2, a 0.6-kb PCR fragment spanning part of the N gene was amplified with primer NNot(ϩ) (5Ј-TA GGCGGCCGCAAAAATGGCTCTTAGCAAGGTG-3Ј) containing a NotI recognition site (underlined) upstream of the N start codon (italics) and reverse primer NStu(Ϫ) (5Ј-TCCTTTGTATCGTTTCATTTC-3Ј) corresponding to nucleotides (nt) 1735 to 1715 of rBRSV located downstream of a unique StuI restriction site (rBRSV position 1671). After deletion of the NS21 and NS2 genes and part of the N gene from pBRSV by NotI (rBRSV position 72) and StuI (rBRSV position 1671) digestion, the NotI-and StuI-cut PCR fragment (543 nt) was used to replace the deleted sequence (Fig. 1) . rRVs carrying the NS1 or NS2 genes ( Fig. 1) were constructed on the basis of a full-length RV cDNA (SAD L16) containing an extra transcriptional stoprestart sequence in the 3Ј noncoding sequence of the G gene (SAD VB) (32) . First, cDNAs encoding C-terminally tagged versions of BRSV NS1 or NS2 proteins were constructed. An additional 27 nt corresponding to an internal region of the influenza virus hemagglutinin (HA) protein was inserted right before the NS1 stop codon by PCR using a reverse primer, NS1HAr-EcoRI (5Ј-GCAATAGAATTCCTAAGCGTAATCTGGTACATCATAAGGATAAT TCAGACCAAGAAGAGT-3Ј), containing an EcoRI recognition sequence (underlined). For NS2, 24 nt encoding the synthetic FLAG peptide was inserted with reverse primer NS2FLr-EcoRI (5Ј-GCAATAGAATTCCTATTTATCGTCATC ATCTTTATAATCTGGATTTAAATCATACTTATA-3Ј) (the EcoRI sequence is underlined). The PCR fragments were used to substitute corresponding sequences of a plasmid (pBSBRSVNS1NS2) containing nt 1 to 957 of the fulllength BRSV cDNA (5) . The NS1-HA gene was excised with NotI and EcoRI. After filling in with Klenow polymerase, the resulting 475-nt fragment was inserted into a unique SmaI site in pSAD VB immediately downstream of the extra transcription start signal, leading to pSAD VB-NS1HA. A 470-nt fragment containing NS2-FL was cloned accordingly, after excision with AseI and EcoRI and filling in with Klenow enzyme, resulting in SAD VB-NS2FL.
Transfection experiments and recovery of BRSVs and rRVs. rBRSV lacking the NS1 or NS2 gene and rRV containing the NS1 or NS2 gene were rescued as described previously (5, 19) , after transfection of CaPO 4 -precipitated (mammalian transfection kit [Stratagene]) T7 promoter-controlled plasmids containing the respective virus cDNA (10 g). For BRSV, plasmids encoding BRSV proteins N and P (pTITB-N and pTITB-P, 4 g each) and L and M2 (pTITB-L and pTITB-M2, 2 g each), and for RV, plasmids encoding RV proteins N (pTIT-N, 5 g) and P and L (pTIT-P and pTIT-L, 2.5 g each), were cotransfected with the respective virus cDNA into approximately 10 6 BSR T7/5 cells stably expressing phage T7 RNA polymerase (5) . The transfection medium was removed after 4 h, and the cells were further incubated in BHK-21 medium (Gibco) containing 5% FCS for BRSV and 10% calf serum for RV. Cells transfected with BRSV cDNA were split every 5 days at a ratio of 1:3 until a CPE was detectable. For RV recovery, cell culture supernatants were harvested 6 days posttransfection and were transferred onto fresh BSR cells. Infectious RV was detected by immunostaining with a fluorescein isothiocyanate conjugate (Centocor) recognizing RV N protein.
Northern hybridization. Total RNA from Vero cells infected with the recombinant viruses rBRSV, rBRSV ⌬NS1, rBRSV ⌬NS2, and rBRSV ⌬NS1/2 was isolated upon development of extensive CPE (RNeasy; Quiagen). RNA was separated by denaturing gel electrophoresis, blotted to nylon membranes (Duralon-UV; Stratagene), and crosslinked to membranes by UV irradiation. NS1, NS2, and N gene-specific DNA probes of approximately 500 nt were labeled with [␣-
32 P]dCTP (3,000 Ci/mmol; Amersham) by nick translation (nick translation kit; Amersham). Hybridized filters were exposed to Kodak BioMax MS films at Ϫ70°C with intensifying screens or processed for phosphorimaging (Storm; Molecular Dynamics).
Cocultivation experiments and treatment with IFN. For cocultivation experiments, Vero responder cells were mock infected or infected in suspension with rBRSV, rBRSV ⌬NS1, rBRSV ⌬NS2, or rBRSV ⌬NS1/2 at an MOI of 0.1 for 1 h in DMEM without FCS. After being washed, 5 ϫ 10 5 cells were seeded into six-well dishes in DMEM plus 2.5% FCS. MDBK effector cells or bovine macrophages activated by overnight incubation with 10 g of lipopolysaccharide (LPS) (Sigma) per ml were infected in suspension for 1 h at a MOI of 1 with rBRSV. After being washed, 10 6 cells were seeded into 25-mm tissue culture inserts with 200-nm-pore-size Anopore membranes (Nunc) and placed into the wells containing the infected Vero responder cells. After cocultivation for 3 days, membrane inserts were removed and virus titers in Vero cells were determined as described above. Responder cells were treated with antibodies immediately after infection by incubation for 1 h with 5 g of neutralizing mouse anti-human IFN-␣/␤ receptor chain 2 (CD118) antibody (PBL Biomedical Laboratories) per ml or with 5 g of a control antibody recognizing tumor necrosis factor receptor type I (TNFRI) or major histocompatibility complex (MHC) class I per ml. After being seeded into six-well plates, the cells were grown further in the presence of 1 g of the respective antibody per ml.
To determine the effect of IFN-␣/␤ on the replication of BRSV and NS deletion mutants, Vero or MDBK cells were infected at a MOI of 0.1 with the different viruses as described above and incubated in six-well dishes in DMEM plus 2.5% FCS. Recombinant human IFN-␣ A/D or human IFN-␤ (PBL Biomedical Laboratories) was added to concentrations of up to 15,000 U/ml immediately after seeding. Virus titers were determined after 3 days of incubation by limiting dilution and indirect staining of infected cell foci with an F protein antibody as described above.
Infections with rRV SAD VB, SAD VB-NS1, and SAD VB-NS2, respectively, were done in suspension as described previously (18) with an MOI of 5. For coinfections with SAD VB-NS1 and SAD VB-NS2, an MOI of 2.5 was used for each recombinant. Recombinant IFN-␣ A/D was added to concentrations of up to 500 U/ml immediately after seeding. Virus titers were determined 2 days postinfection by limiting dilution and immunostaining with a fluorescein isothiocyanate conjugate against RV N protein (Centocor).
RESULTS
Construction and rescue of BRSV deletion mutants lacking NS genes. We have previously described the cloning of fulllength cDNA of BRSV strain ATue51908 and the construction of plasmids allowing T7 RNA polymerase-driven transcription of BRSV full-length antigenome RNA (pBRSV) or of RNA lacking the NS2 gene (pBRSV ⌬NS2) (5). Constructs lacking the NS1 gene (pBRSV ⌬NS1) or both NS1 and NS2 (pBRSV ⌬NS1/2) were also made from pBRSV, as detailed in Materials and Methods. Compared to the sequence of the recombinant wild-type (wt) virus rBRSV, the NS1, NS2, and NS1/2 deletion mutants lack 496, 509, and 1,060 nt, respectively. In all constructs, transcription of the 3Ј terminal gene is directed by the original leader/NS1 transcription start signal junction (Fig. 1) .
Viable recombinant viruses rBRSV, rBRSV ⌬NS1, rBRSV ⌬NS2, and rBRSV ⌬NS1/2 were recovered from the respective cDNA constructs in BSR T7/5 cells expressing T7 RNA poly-merase as previously described (5) . In all cases, including the NS1/2 double-deletion mutant, cotransfection with support plasmids encoding BRSV N, P, L, and M2 proteins resulted in the formation of syncytia. Viruses were isolated after a 1:3 splitting of transfected cells and the appearance of extensive CPE. For production of virus stocks, Vero cells were infected with the recombinant viruses at an MOI of 0.1 until pronounced CPE was visible, which took 3 days for rBRSV and 5 days for the NS deletion mutants.
After infection of cells with rBRSV or NS deletion mutants at a MOI of 0.1 and incubation for 3 and 5 days, respectively, total RNA was isolated and processed for Northern hybridization. Similar transcript pattern were observed, with the viruses differing only in the presence or absence of NS1-and NS2-specific RNAs (Fig. 2) . As previously observed with BRSV and HRSV NS2 deletion mutants (5, 43) , similar amounts of N mRNA and genome RNA (data not shown) were present in cells infected with all recombinants.
The growth of NS deletion mutants is cell type dependent. Virus growth characteristics were first analyzed in the BHKderived BSR T7/5 cells which had been used for recovery experiments. In comparison with the parental full-length virus, all three mutants were attenuated, suggesting a contribution of both NS proteins to virus replication. Interestingly, no marked differences in spread in infected cell cultures and final titers were noted between the two NS single-gene deletion mutants and the NS1/2 double-deletion mutant. All mutants reached infectious titers of 2 ϫ 10 5 PFU after infection of BSR T7/5 cells at an MOI at 0.1 and incubation for 6 days, while the parental virus yielded up to 10 6 PFU (Fig. 3A) . Similar results with slightly augmented titers were obtained after culturing the viruses in HEp-2 cells or in Vero cells, the preferred cell lines for cultivation of HRSV (data not shown).
We then switched to a cell line of bovine origin, MDBK, which has been shown to optimally support the growth of wt BRSV (5). Indeed, MDBK yielded slightly increased wt BRSV titers of 2 ϫ 10 6 PFU after 6 days of infection (Fig. 3B ). Most unexpectedly, however, the growth of the deletion mutants was severely impeded in this cell line. The single-deletion mutants lacking NS1 or NS2 yielded titers of only 3 ϫ 10 3 PFU after 6 days, which is 100-fold lower than in BSR cells. The NS1/2 double-deletion mutant was not able to grow significantly during the first 6 days. Only after splitting of cells and incubation for another 8 days could virus titers of 2 ϫ 10 2 be obtained (data not shown). Obviously, MDBK cells represent the host of choice for full-length wt BRSV whereas they are nearly nonpermissive for all the NS deletion mutants. In striking contrast, BSR and Vero cells, which are suboptimal hosts for wt BRSV supported the NS deletion mutants rather well. (Fig. 4A) . In the upper well, MDBK cells were used as effector cells. In the lower well, Vero cells infected at a MOI of 0.1 with wt BRSV or with each of the NS deletion mutants served as responder cells. At least five independent cocultivation experiments were performed. Noninfected MDBK effector cells, or BSR cells which were used as a negative control, did not show an inhibitory effect on the growth of either wt BRSV or the NS deletion mutants in the Vero responder cells. Cocultivation with MDBK cells infected with BRSV at an MOI of 1, however, resulted in a small but reproducible inhibition of the NS deletion mutants whereas the growth of wt BRSV was not affected (Fig. 4B) . The most clear-cut effect was observed with the NS1/NS2 double-deletion mutant, whose titers were reduced approximately sevenfold in the presence of infected MDBK cells compared to noninfected MDBK cells. The titers of the single-deletion mutants rBRSV ⌬NS1 and rBRSV ⌬NS2 were reduced two-and threefold, respectively.
Since supernatants from noninfected MDBK cells were not able to suppress the growth of the NS deletion mutants in Vero responder cells, the effective MDBK factor(s) seemed to be induced by virus infection. Not only wt BRSV infection but also infection with a series of BRSV gene deletion mutants, including rBRSV ⌬NS1/2 and a mutant lacking the SH and G-genes (rBRSV ⌬SH/G; unpublished data), led to comparable secretion of the suppressive factors. In addition, infection with another RNA virus, RV, was found to induce the effective substance in MDBK cells to a similar degree (data not shown). These results strongly argued in favor of cytokine-mediated induction of an antiviral state in Vero responder cells, with the prime candidates being IFNs.
To further address the nature of cytokines involved, we used bovine macrophages as effector cells in cocultivation experi- 
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on December 23, 2017 by guest http://jvi.asm.org/ ments. Bovine macrophages isolated from two animals were stimulated with LPS overnight, infected with rBRSV, and cocultivated with Vero cells. Yields of full-length rBRSV were similar after incubation with stimulated, virus-infected macrophages and with nonstimulated macrophages. However, compared to the nonstimulated, noninfected macrophage control, a prominent 30-to 50-fold reduction was noted for the NS deletion mutants (Fig. 4B) . Also, stimulation of macrophages with LPS alone, without subsequent virus infection, was sufficient to cause approximately a 10-fold reduction in the yield of rBRSV ⌬NS1/2 (data not shown). Since stimulated macrophages are known to be producers of IFN-␣/␤, these experiments pointed to an involvement of IFN-␣ and/or IFN-␤ in repressing the growth of the BRSV NS deletion mutants. (15, 46) . However, as determined by fluorescence-activated cell sorter analysis (data not shown), the Vero cells used as responder cells in cocultivation experiments expressed the alpha subunit of the IFN-␣/␤ receptor (IFNAR2) (44) . To determine whether IFN-␣ and/or IFN-␤ produced by infected MDBK cells or macrophages was mediating the inhibitory effects on NS deletion mutants, Vero responder cells were infected with rBRSV ⌬NS1/2, rBRSV ⌬NS2, or rBRSV ⌬NS1/2 and were treated with a monoclonal antibody blocking IFNAR2 (PBL Laboratories). Control cells were treated in parallel with MHC class I-and TNFAR-specific monoclonal antibodies. The cells were then incubated in the presence of infected MDBK effector cells for 3 days. Whereas inhibition of NS deletion mutants was noted in cell cultures incubated with the control antibodies or in the absence of antibody, the inhibitory effect was almost completely neutralized in cells incubated with the IFNAR2 antibody (Fig. 5) . Thus, the induction of an antiviral state in Vero responder cells leading to suppression of NS deletion mutants was exclusively due to IFN-␣/␤ produced by MDBK cells or macrophages.
Deletion of NS genes renders BRSV IFN-␣/␤ sensitive. It was previously reported that Vero cells have a genetic defect in IFN production
Recombinant human IFN-␣/␤ were then used to directly analyze the behavior of wt and mutant BRSV in IFN-stimulated cells. Vero cells infected at an MOI of 0.1 with BRSV or NS deletion mutants were treated with increasing amounts of IFN-␣ A/D or IFN-␤ immediately after infection, and virus titers were determined 3 days after infection. All three NS deletion mutants showed a highly similar, severe, and dosedependent sensitivity to the IFN-induced cellular response, with 1,500 U resulting in more than a 10,000-fold reduction of infectious titers (Fig. 6) . In contrast, wt BRSV was significantly resistant to IFN treatment. However, protection was not complete, and an approximately 13-fold reduction in yield was caused by 1,500 U of IFN-␣ or IFN-␤.
To test the possibility that protection of wt BRSV is more pronounced in bovine cells than in Vero cells, we infected MDBK and Vero cells in parallel experiments at an MOI of 1 and added equal amounts of IFN. In untreated MDBK and Vero cells, BRSV grew to titers of 1.7 ϫ 10 7 and 4 ϫ 10 6 PFU/ml, respectively (Fig. 7) . With IFN treatment, the titers in To verify the obligatory cooperative function of NS1 and NS2 and to determine whether the two NS proteins can be used to protect an unrelated virus, we generated rRV expressing either NS1 (SAD VB-NS1) or NS2 (SAD VB-NS2). The additional gene was introduced between the G and L genes of the attenuated RV SAD L16 (Fig. 1B) , as previously described for successful expression of other genes (12, 39) . Recombinants were rescued from cDNA in BSR T7/5 cells expressing the RV N, P, and L proteins from transfected plasmids. Expression of the NS proteins had no obvious adverse effect on the replication, growth characteristics, and infectious titers of the recombinants in BSR cells (data not shown).
To study the activity of the expressed BRSV proteins, Vero cells were infected at an MOI of 5 with parental RV (SAD VB) or with each of the recombinants or were coinfected with SAD VB-NS1 and SAD VB-NS2 at an MOI of 2.5 each. Infected cultures were then treated with increasing amounts of IFN-␣, and the production of infectious RV titers and the expression of RV proteins was analyzed 2 days postinfection in at least four independent experiments. Growth of the parental RV SAD VB and of NS1 or NS2 protein-expressing viruses from the single infections was similarly affected (Fig. 8A) . On application of 50 IU of IFN-␣, the titers dropped by approximately 1 log unit and then further decreased very slowly with increasing IFN amounts, indicating a weak IFN response of Vero cells or a high intrinsic resistance of RV to IFN-mediated responses in Vero cells. In cells coinfected with NS1-and NS2-expressing viruses, however, protection of virus replication could be shown. Virus titers remained significantly higher than in single infections and decreased slowly in a dose-dependent manner.
To re-examine the above observation that BRSV NS proteins are more efficacious in antagonizing antiviral responses in bovine cells than in Vero cells, parallel experiments were performed in MDBK cells (Fig. 8B) . Standard RV SAD VB and the NS-expressing recombinants replicated to slightly lower titers in untreated MDBK cells than in Vero cells. In contrast to Vero cells, treatment with IFN dramatically reduced infectious titers of wt RV and of NS-expressing viruses from single infections. An immediate reduction in infectious titers by 3 log units indicated a highly effective IFN-mediated response. However, in cells coexpressing NS1 and NS2 proteins, virus replication was completely protected until more than 150 IU of IFN was applied (Fig. 8B) . These results were reflected by the analysis of RV protein synthesis. In untreated cells, all recombinants produced substantial and comparable amounts of RV proteins, whereas in IFN-treated cells, only coinfections with SAD VB-NS1 and SAD VB-NS2 led to substantial protein synthesis, until more than 150 to 200 IU was applied (data not shown).
The above results showed that the two BRSV NS proteins are able to confer resistance to IFN-mediated antiviral response not only on BRSV but also on another, unrelated virus. In addition, they confirmed that both NS proteins are required, and sufficient, for exerting the IFN antagonist activity.
DISCUSSION
In this study, we could assign an important biological function to the NS proteins of BRSV, namely, in mediating virus escape from cellular antiviral mechanisms induced by IFN-␣/␤. Moreover, we found that both NS proteins are required for this function and that either one alone has no substantial activity. To our knowledge, this is the first example of two virus proteins that obligatorily cooperate to antagonize IFN.
The first indication of the increased sensitivity of NS deletion mutants to host cell factors was observed after infection of MDBK cells, which are fully permissive for wt BRSV infection and which yield higher titers of wt BRSV than do any other cell lines tested. In striking contrast, viruses lacking one or both NS genes grew worst in MDBK cells whereas in other cells, like Vero or BSR, the lack of the NS genes caused only a moderate (10-fold) decrease in infectious titers. Cocultivation experiments identified IFN-␣/␤ as the critical host cell factors produced by BRSV-infected MDBK cells. Obviously, in infected MDBK cultures, an antiviral state is induced by autocrine and paracrine stimulation of cells. While wt BRSV is able to counteract this response, none of the NS deletion mutants can do so. Vero cells, in contrast, lack IFN-␣/␤ genes (15, 46) , and so virus infection does not result in the induction of an antiviral state, allowing the NS deletion mutants to grow. The observed 10-fold-slower growth in Vero cells of the NS deletion mutants compared to wt BRSV may be due to some intrinsic antiviral activity or, more likely, may reflect the contribution of NS gene products to virus replication. (14, 20, 21, 23, 24, 41, 42) with the ability to antagonize the effects of IFN have been described. Some viruses, like hepatitis C virus, appear to have multiple proteins able to independently target antiviral mechanisms (20, 42) . However, we were not prepared for the finding that both NS1 and NS2 are necessary to accomplish IFN antagonist activity whereas each protein on its own apparently does not possess any activity. The observation that the growth characteristics of deletion mutants lacking either NS1 or NS2 or both NS genes were very similar in all cell lines was appealing. Only in the experiment involving the lowest dose of active IFN, namely, the cocultivation using MDBK effector cells, could a differential behavior of NS1 and NS2 deletion mutants be suspected. In these experiments, the average reduction in the yield of the NS1 deletion mutant was slightly lower than that of the NS2 and the NS1/2 double deletion mutant; however, variability was high in these experiments and so their significance is questionable. A reproducible difference was observed only in MDBK cells, where the single-deletion mutants could be grown to somewhat higher titers than the doubledeletion mutant after splitting of infected cell cultures. However, it is unclear whether this should be attributed to functions of NS proteins in IFN escape or in RNA synthesis.
Final evidence that both proteins are required and also sufficient to interfere with the establishment of an antiviral state was obtained by using rRV expressing individual NS proteins. The BRSV NS1 and NS2 genes are located side by side in the most upstream position of the genome (Fig. 1) , which should result in a high and similar level of expression in BRSV-infected cells. Accordingly, to approximately reproduce the conditions in BRSV-infected cells, coinfections with rRV vectors were done at the same MOI for both recombinants. Comparable amounts of NS1 or NS2 protein, respectively, should be expressed in cells infected with the single recombinants and in cells coinfected with both recombinants. However, only in coinfected cells was a significantly enhanced resistance of the RV vector to IFN stimulation observed. Whereas standard RV titers dropped by 3 log units in MDBK cells after IFN treatment, complete protection was observed in coinfected cells. Depending on the experiment, the effects caused by IFN doses of up to approximately 200 U were completely neutralized. Since coinfections are prone to some variability, we suspect that a more regulated coexpression of NS proteins, at appropriate stoichiometric amounts, might bring about a much greater protective capacity.
Treatment of Vero cells with recombinant IFN showed that full-length BRSV was not completely protected against the IFN response of the primate cells. Although the sensitivity was lower than that of the NS deletion mutants by several orders of magnitude (Fig. 6) , a dose-dependent reduction of wt BRSV titers was observed. However, parallel experiments with the bovine MDBK cells revealed almost perfect protection until very high doses of IFN were reached and cell damage was apparent (Fig. 7) . As with BRSV, a more pronounced effect in MDBK cells was indicated by the rRV vectors. From the severe inhibition of BRSV NS deletion mutants and of wt RV in MDBK cells, it is obvious that the antiviral response mechanisms of MDBK cells are at least as efficient as those of Vero cells. This may indicate that the NS proteins of BRSV have evolved with the bovine host to optimally counteract bovine cell antiviral responses. The human counterpart of BRSV, HRSV, was recently reported to be highly resistant to IFNinduced antiviral activity in human cells (2) , and it appears that HRSV NS proteins are optimized to antagonize IFN responses of human cells. Adaptation of viral proteins to counteract innate responses in cells of their natural host is an important factor in determining the virus host range and may prevent viruses from crossing species barriers (13, 22, 26) . The V protein of simian virus 5 (SV5) for example, is able to block the activation of IFN-responsive genes in primate cells but not in murine cells (14) . This may be the major element preventing productive SV5 infection of mice, even SCID mice (13) .
Indeed, the contribution of NS proteins to the permissivity of hosts to RSV infection might be crucial and might explain why the closely related viruses display a highly restricted host spectrum. BRSV and HRSV are able to enter human, bovine, and murine cells; however, the differential capability of NS proteins to more or less efficiently antagonize the host-specific innate responses might then determine whether the virus is eliminated. This is also supported by previous observations. Growth of HRSV in primary mouse embryo cells was markedly restricted; however, when anti-mouse IFN serum was added to the medium, virus yields were enhanced and the infection spread in the entire monolayer (26) . In addition, recombinant BRSV in which the G and F surface protein genes were replaced by their HRSV counterparts was somewhat more competent than BRSV for replication in chimpanzees. However, the infection remained highly restricted and was not sufficient to induce any protection against homologous HRSV challenge (6). On the basis of our observations we conclude that the low efficiency of BRSV NS proteins in antagonizing primate IFN responses represents a major determinant for host range.
Our findings have important implications for the design of efficacious live attenuated RSV vaccines. It is suggested that deletion of either NS1 or NS2, as proposed previously (5, 43, 48) , results in overattenuated viruses that are not able to escape from any IFN response. Promising approaches would be, for example, the reciprocal exchange of BRSV and HRSV NS proteins. This could generate BRSV and HRSV vaccines with intermediate ability to escape from the innate bovine and human response, respectively. In addition, mutations in NS proteins could be identified that only partially knock out the IFN antagonistic activity.
Further studies will reveal how NS proteins cooperate and how they interfere with antiviral responses. RV vectors as described here should prove especially helpful, since they provide the possibility to investigate NS protein functions independent of the so far unidentified functions they might have in BRSV replication.
